Abstract: Recovery of alcohols from diluted aqueous solutions is highly energy-intensive. In order to reduce the costs of concentration of alcohols, membrane processes (including membrane extraction) are used. This paper reports the results of ethanol concentration from diluted aqueous solutions using a hollow fiber membrane contactor with ionic liquid. The studies were performed using a contactor with microporous hollow fiber membranes. The membrane creates a barrier between the feed and extracting solvent, also providing a large mass transfer area. In the process, selected ionic liquid presenting different selectivity towards ethanol was used as extractant. The experiments were performed with feed concentrations of ethanol ranging from 1 to 5 wt.% and various feed flow rates ranging from 1 to 8 dm 3 /h.
Introduction
Alcohol recovery from diluted aqueous solutions is highly energy-intensive; therefore, new methods and devices are being investigated, often involving innovative technologies, to improve its efficiency. New concepts postulate using mass exchangers providing larger transfer areas than those of the conventionally applied equipment. Thus, both the space necessary for such device and energy requirements would be considerably reduced. Extraction efficiency may be improved, inter alia, by using more selective extracting agents. In this paper, the hollow fiber membrane contactor with application of ionic liquid as extractant is being researched. It is expected that combining unique properties of ionic liquids with the compact contactor module could improve the efficiency of extraction process.
Membrane contactors (MCs) are used for mass transfer in liquid/liquid or gas/liquid systems without dispersing one phase in the other. The key element of a contactor is a membrane enclosed in the casing. There are many types of membrane contactors, which differ with regard to their structure and liquid flow direction. Depending on the liquid flow direction, membrane contactors are offered in co-current, cross-flow, or counter-current configurations. Moreover, membrane contactors may differ regarding the type and geometry of the membrane used. Both flat and hollow fiber membranes are available [1] . Depending on the process, polymeric or ceramic membranes may be applied. The type of material determines physical and chemical characteristics of the membrane, wettability, geometry, pore diameter, as well as porosity. Usually, porous membranes with pore diameters between 0.05 µm and 1 µm are used [2] [3] [4] [5] . Hydrophobic porous polymeric membranes are the most popular because of their high porosity, wide availability, and low cost. Table 1 lists the most common polymers used for the production of porous membranes [6] . Ceramic membranes, which are far more thermally resistant than polymeric membranes, are also frequently utilized as contactors. They may be both hydrophilic and hydrophobic. In a membrane contactor with the hollow fiber membrane, one liquid flows through the hollow fiber, the other flows on the outside. Mass transfer between the phases occurs through the membrane pores. The membrane serves as a barrier between phases, which ensures independent relative flow of liquid streams and prevents problems such as foaming or entrainment (typical in conventional mass exchangers). The use of a porous membrane provides a high mass transfer area relative to the device volume, which means that the device size is reduced and process is still efficient. Since membrane contactors are built of modules they are easy to scale up, maintain and repair [7] [8] [9] [10] . Currently, there are several types of membrane contactors available for commercial use, which have replaced conventional equipment, including membrane scrubbers, distillers (used for osmotic distillation), extractors, emulsifiers, Supported Liquid Membranes (SLMs), and many others. Table 2 shows examples of membrane contactors that are being used and their respective conventional counterparts [11] .
Currently, studies are being conducted into new applications of membrane contactors. The use of ionic liquids in membrane contactors is a novel concept.
Ionic liquids (ILs) are organic salts, normally with low melting points (below 100°C , which allows the researchers to design an IL possessing desired properties. Low vapour pressure (close to zero), thermal stability, and ability to dissolve both organic and inorganic compounds are the key properties that make ILs perfect solvents in many membrane processes. ILs are generally non-flammable, thermally stable and selective, which in most cases further broadens the range of their possible applications. They can also be quite easily recycled after regeneration, which is most commonly done by distillation. These features make ILs an attractive alternative to the conventional volatile organic solvents (VOCs) [12] [13] [14] .
Great attention is paid to the processes where ILs can be used as azeotrope breakers. Besides, the most promising applications of ILs include extractive distillation, liquid-liquid extraction and processes exploiting SLMs (Supported Liquid Membranes) [15] .
The aim of extractive distillation is to remove one component of the mixture by addition of another component (so-called entrainer). The entrainer interacts with other components by changing their relative volatilities. The method is commonly used in separation of azeotropic and close-boiling mixtures, but it requires vaporization of both streams (the entrainer and component stream). The new concept consists in using ionic liquids as the entrainers. This modification allows avoiding azeotropic distillation [15] .
Meindersma et al [16] 
) in order to separate ethanol-water mixtures by extractive distillation and compared the results with those obtained when using ethylene glycol as the solvent. When the ionic liquid was used (and heat integration implemented) the process required 16% less energy than when ethylene glycol was used as the entrainer.
Supported Liquid Membranes (SLMs) are porous membranes impregnated with liquids. They can be applied to many separation processes. Usually, use of conventional SLMs is associated with two common problems. The first one is vaporization of the liquid into the atmosphere or its dissolution in the contacting phase. The second one is the limited capacity of SLMs. However, it seems that favorable properties of ionic liquids can lessen these problems. For example, ILs are non-volatile, which helps minimize their losses through vaporization. SLMs containing immobilized ionic liquids are also called Supported Ionic Liquid Membranes (SILMs). SILMs are being widely studied for use in many industrial processes, eg removal of acid gases from the exhaust gases generated during combustion of fossil fuels (eg coal). In a SILM, ionic liquid acts as a transmembrane medium that facilitates selective transportation of the separated components [12] [13] [14] [15] .
Initially ionic liquids in membrane contactors dealt with the absorption of components from exhaust gases. Albo et al [17] investigated absorption of flue gases (CO 2 and SO 2 ) produced as a result of coal combustion using a hollow fiber membrane contactor with polypropylene hydrophobic hollow fiber membrane and 1-ethyl-3-methylimidazolium ethyl sulfate ([EMIM][EtSO 4 ]). In the experiments, gas stream flowed outside the contactor membrane while the absorption liquid, ie ionic liquid, flowed inside the membrane. It was shown that the ionic liquid could replace other conventional volatile solvents as the absorption medium.
Luis et al [18] used a hydrophilic Al 2 O 3 ceramic membrane to compare results with those of Albo's [17] . The studies were conducted using a polymeric membrane, with an ionic liquid flowing inside the hollow fiber membrane and gas flowing on the outside. The use of [EMIM][EtSO 4 ] was compared with the use of conventionally applied solvent (N,N-dimethylaniline). In this case, the results were slightly worse for the ceramic membrane and IL; however, it must be remembered that replacing the volatile solvent with IL helped reduce the costs due to the regeneration process of IL exhibiting negligible vapor pressure.
Better results concerning CO 2 absorption were obtained with a polymeric membrane due to its hydrophobic nature. Moreover, polymeric membranes have been very popular as they are readily available and cheaper than ceramic membranes [17] [18] .
The use of ILs in membrane contactors offers advantages also for the petrochemical industry. The separation of propylene/propane mixture, due to similar physical and chemical properties of the two substances, is complicated. Currently, the mixture is separated by low-temperature distillation, which is very cost-intensive. Won et al [19] have shown that Ag + ions may reversibly complex with olefins. For that reason, separation of the mixture was investigated using propylene absorption with 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF 4 ]) and Ag + complexes. The studies were performed in a membrane contactor and semi-batch stirred tank reactor. The influence of various process parameters such as solvent type (IL or aqueous solution of Ag + complexes), composition of the feed gas, and concentration of silver salts were also researched. The positive impact of IL and Ag + complexes on the process efficiency was confirmed. The absorption was more efficient due to a higher contact surface area. The research and optimization showed that propylene absorption using ILs and the membrane contactor improved the efficiency of the process [20] .
There are a growing number of processes leading to the production of biofuels or fuel additives. One of the main problems of biofuel industry is the separation of close-boiling or azeotropic mixtures. Separation by simple distillation is usually inefficient because of high energy consumption. Pereiro and Rodriguez [21] performed the experiments on separation of the heptane-ethanol mixture in an extraction column, packed with Raschig rings. 4 ] to the binary ethanol -water azeotropic mixture helps break the azeotrope and dehydrate ethanol.
A growing interest is observed in processing of biomass into fuels and chemicals through bioconversion. The most attractive processes are ABE (acetone -butanol -ethanol) and ethanol fermentations. Both ethanol and n-butanol are popular chemicals suitable for numerous applications. They have also been widely studied as fuel additives. Table 3 compares butanol and ethanol with other fuels. As can be seen from the table, properties of butanol are similar to those of gasoline [24, 25] . At present, the separation of components from the ABE fermentation broth is highly energy-intensive. Ordinary distillation is economically unjustified. Moreover, the concentrations of ethanol and butanol in the broth are considerably low. According to available studies, extraction and pervaporation are the most promising techniques of product recovery.
Traditional solvents used in extraction (eg oleyl alcohol, mixtures of oleyl alcohol and decanol, glyceryl tributyrate), having high distribution coefficients for ethanol and butanol, may be classified as volatile organic compounds (VOCs). These solvents must be evaporated after extraction, which on one hand increases the energy demand and on the other hand poses a threat to the environment [27] . Domanska and Krolikowski [28] analyzed the extraction of butanol from aqueous solutions using different ionic liquids, namely: 14, 6, 6, 6 ] [TCB]). Selectivities of the ionic liquids, distribution ratios, solubilities of water and alkyl chain lengths were discussed. The experiments were performed at the typical fermentation temperature T = 308.15 K. The imidazolium-based ionic liquid was less hydrophobic than the phosphonium-based ionic liquid. The measured selectivities and distribution ratios showed that the extraction of butanol from aqueous solutions is feasible, especially when using [P 14, 6, 6, 6 . Besides, the study proved that longer alkyl chains of the cation provide higher selectivity and distribution ratio of butanol.
Materials and experimental setup
In the experiments, 1-butyl-3-methylimidazolium methyl sulfate ([BMIM][MeSO 4 ]) (of 99.7% purity) acquired from Sigma Aldrich was employed as the extracting agent. Chemical structure of the ionic liquid is shown in Figure 1 . Ethanol of 99.6% purity was purchased from Stanlab. The porous hollow fiber membrane made of polypropylene, with internal and external diameters of 2 mm and 3 mm respectively, was acquired from Polymem. The membrane contactor consisted of seven hollow fiber membranes with the total external surface area of 0.086 m 2 . Fig. 1 . Chemical structure of 1-butyl-3methylimidazolium methyl sulfate IL The ionic liquid was selected based on the reports concerning ILs affinities for ethyl alcohol. The recovery of ethanol from diluted aqueous solutions was studied using an apparatus consisting of two parts. The first part was the extraction section, ie membrane contactor with hollow fibers. The second part was used for the IL regeneration (120 minutes, 50°C at 10 kPa). This stage involved evaporation of ethanol and water from the solvent for reuse in the process. The IL was regenerated using IKA RV10 evaporator and IKA HB10 heating bath. The hollow fiber membrane contactor included an external part -the casing with inlet connections, and an internal part with the hollow fiber membrane and sealing. The casing was made of 316L stainless steel. Schematic drawing of the apparatus for ethanol recovery is shown in Figure 2 .
The main element of the experimental setup was the membrane contactor with the polypropylene hollow fiber membrane. The experiments were carried out with various concentrations of the feed solution (1-5 wt.%) and feed flow rates (1.0, 4.0 and 8.0 dm 3 /h). The initial amount of ethanol solution in each process was the same (500 g). 200 g of 1-butyl-3-methylimidazolium methyl sulfate IL were used in each extraction process. Each experiment lasted for 1 hour.
The IL was fed to the apparatus through the shell side using a pump at 0.84 dm
Results and discussion
The extraction experiments were conducted at the feed pressure of 50 kPa to ensure a proper interfacial contact of the feed and ionic liquid. Low pressure guarantees that the membrane pores contain only vapors of the components. If the pressure is too high, the feed may flow through the pores and mix with the extracting solvent.
Another factor that influences the extraction process is the slip velocity, ie the relative movement of the feed and extractant. In the experiments, constant volumetric flow rate of the ionic liquid was assumed; therefore, the slip velocity essentially depended on the feed flow rate. As is shown by Figure 3 , an increase of this flow rate slightly improves the efficiency of extraction. It should be understood that this is the effect of two simultaneous mechanisms, ie although an increase in the slip velocity shortens the contact time between the phases, it enhances the mass transfer coefficient.
The efficiency of extraction, E, was determined using the coefficient defined by equation (1), which is the ratio of molar concentration of ethanol in the extract Cm E to molar concentration of ethanol in the feed Cm F :
Higher concentrations of ethanol in the feed resulted in lower efficiency of the extraction process. Furthermore, higher efficiencies were observed when the feed flow rate was growing. The relation between efficiency and ethanol molar concentration in the feed is shown in Figure 3 . When the initial mass fraction of ethanol in the feed was equal to 1 wt.%, approximately 19-fold average concentration in the extract in relation to the feed solution was achieved; however, at higher mass fractions the degree of ethanol concentration was dropping (to about 5.5-fold concentration at 5 wt.% of ethanol in the feed).
Conclusions
The results presented in this paper may be summarized as follows: 1. The efficiency of ethanol recovery from diluted aqueous solutions using hollow fiber membrane contactor and ionic liquids can be considered satisfactory. 
